Summary
dependent and independent variables, improve estimation convergence by the use 1 of informative priors, and allow the estimation of missing data on prey 2 availability. Both hyperbolic (Type 2) and sigmoidal (Type 3) functional response 3 models were fitted to the data and the Type 3 model was clearly favoured during 4 model selection, supporting the conclusion that seal/prey encounter rates change 5 with prey abundance (sometimes referred to as 'switching'). This suggests that 6 some prey species may be vulnerable to predator pit effects. The fitted model 7 reproduced contrasts in diet observed between different regions/years and, 8 importantly, added information to the prior distributions of prey abundance in 9 areas where the availability of some prey species (such as sandeels) was not 10 known. This suggests that the diet of predators such as seals could provide 11 information about the abundance and distribution of prey in areas that are not 12 covered by fisheries and research surveys. Because seals regularly return to rest at particular onshore haulout sites, their 7 access to offshore habitats is restricted by their need to remain in proximity to 8 these sites (Matthiopoulos et al., 2004) . This imposes constraints on the 9 availability of prey and, as a result, seal diets appear to be related to prey The objective of this study was to estimate the parameters of a grey seal MSFR 1 using diet data collected during the 1980s and 2000s, together with estimates of 2 the availability of key prey types, based on catch-per-unit-effort (CPUE) data 3 from research and fishery trawls and seal telemetry data. We implemented a 4 Bayesian approach that takes account of uncertainty in both diet estimates and 5 prey availability. 
Methods

9
In order to fit a model of consumption by North Sea grey seals, it was necessary to 10 address a number of important issues. First was an issue of model complexity.
11
Grey seals are generalist predators, and more than 100 prey species have been 12 recorded in the diet of our study population. We needed to decide how many prey 13 types should be included in the MSFR, given that the data available to fit the Finally, we needed to account for the uncertainty associated with the estimates 5 of diet and prey availability. This required a flexible modelling approach that was 6 able to propagate uncertainty through the estimation process, so that it was 7 represented in the precision of final parameter estimates and inferences. Key 8 steps in our modelling are represented in Figure 1 and described in more detail 9 below. The majority of the 1980s data were from 1985 but there were also some data Only prey types that contributed more than 5% to the observed diet in two or 22 more collections were included in the analysis. groups was calculated by weighting the prey distribution using an accessibility 10 surface derived from a model of the accessibility of space at sea to grey seals 11 from the different haulout sites (Matthiopoulos, 2003) as follows:
Where: N i , j availability of prey type i to seals at haulout j s k, j accessibility of grid cell k to seals from haulout j f k,i relative abundance of prey type i in cell k tonnage G in year y and quarter q was given by:
The parameters α, β, and γ were estimated separately for each quarter of the Where possible, the sandeel model was used to make predictions in those ICES 4 rectangles that were located closest to the haulout sites used for scat collections.
5
Weighted means of the sandeel abundance in those local rectangles were 6 calculated, based on the maps of the accessibility of space to seals. For haulout 7 site j, the weight accorded to the CPUE estimate from rectangle r was calculated
Where k r is the set of grid cells inside ICES rectangle r.
12
Uncertainties in these estimates were based on the standard deviation for CPUE 13 estimates produced by the GLM model (equation (2) The following flexible expression was used to represent the seal functional 21 response. This can take the form of a Holling type 1, 2 or 3 response depending on 22 the values of parameters a, t and m (Real, 1977; Holling, 1959 On their own, the seal scat data can be used to estimate diet composition but not 11 consumption rates. Therefore, we recast the model in terms of diet composition 12 so that predicted proportions could be compared with observed proportions in 13 order to fit the model. Equation (4) can be readily adapted for this purpose, 14 because the denominator of the equation is the same for all prey types, giving: Two models were fitted to the data. In Model 1, the value of the parameter m was 19 set at 1 for all prey, corresponding to a hyperbolic or Type 2 functional response. tested for sensitivity to the assumed width of the uniform prior for a.
22
In each case, the MCMC was run for 100,000 iterations after a burn-in of 10000 1 iterations. Two parallel Markov chains were examined for mixing and 2 convergence. 
Results
6
Twelve prey types, shown in Table 1 were identified. Herring and sprat were Table 1 . Missing prey data were also estimated. Figure 5 shows the prior and posterior Modelled relationships between diet and prey availability are illustrated in Figure   5 7 for cod and sandeels. For these (and other) species, there is a strong effect of 6 general prey abundance on diet. When alternative prey is plentiful, the 7 consumption of focal prey may be considerably reduced (here we assume that The MSFR used in this study is simple and excludes some potentially interesting populations and fish stocks, we aimed to model consumption for a 'typical' seal.
8
The choice of prey types to be modelled was based on a simple criterion. Other The MSFR enables us to predict how consumption of any given prey type is likely observe in our data, and this suggests the possibility of a predator pit effect for 10 cod induced by seals in the North Sea. However, Figure 9 indicates that,
11
historically, seal predation removed substantially less cod than the fisheries over 12 a wide range of cod abundance, suggesting it is not probable that seal predation 13 has been a crucial factor in reducing the size of this stock to recent low levels.
14 Further, the occurrence of a predator pit, even in a simple system involving a We were able to estimate missing prey abundance data as part of the process of These results, and similar results for other prey types and haulout areas, were 4 used to estimate the availability of prey to grey seals. The abundance of prey 5 close to the seals' haulout sites will have greater influence on the calculated 6 availability than the abundance of more distant prey. Variation of seal diet with prey availability shown as a single-species plots for cod and 1 sandeels, with two different levels for the availability of all other prey types. The contribution of 2 cod/sandeels to the diet was lower when alternative prey abundance was high (cyan), and higher 3 when alternative prey abundance was low (black). rate)/(cod abundance) and it is thus proportional to the mortality rate for cod.
3
Cod abundance is in arbitrary units (see text) and is assumed to be proportional to 4 true abundance. The maximum value of cod abundance in our data set is 100. 
